Abstract: Terahertz high-data communication creates numerous demands for terahertz wave amplitude modulation. Here, we experimentally demonstrate a high-speed terahertz wave modulator based on 4-N,N-dimethylamino-4'-N'-methyl-stilbazolium tosylate (DAST)/Si hybrid structure. An externally modulated 808-nm pumping laser is utilized to generate photoexcited free carriers at the DAST medium. With the increase of illumination laser intensity, the modulation depth continues to increase in the frequency range from 0.23 to 0.35 THz. A dynamic amplitude modulation at 0.25-THz carrier wave shows that the our modulator provides a modulation speed of 1.26 MHz with a depth of up to 53% at an external pump laser irradiance of 3.5 W/cm 2 . Our present DAST/Si hybrid structure provides a practicable route to achieve effective signal modulation for terahertz communication system.
Introduction
In recent decades, terahertz science and technology has explored many potential applications in security screening, military detection, radio astronomy, high-bit-rate wireless communication, and nondestructive imaging, etc. [1] - [4] . These interests have highlighted the high need for active and passive functional devices for controlling and manipulating terahertz waves such as filters, modulators, switches, and power dividers [5] - [10] . Recently, various functional materials or configurable structures have been employed to develop terahertz wave manipulation such as liquid crystal [11] , photonic crystals [12] , semiconductor-based metamaterials [13] , [14] , graphene [15] - [17] , phase transition materials [18] , and organic materials [19] , [20] . In 2013, a high voltage-controlled graphene-metamaterial terahertz modulator was exploited [21] . Graphene-based waveguideintegrated terahertz modulator was developed in 2017 [17] . Wen et al. [22] proposed all-optical graphene terahertz modulator with modulation speed of 200 KHz and modulation depth of 96% (operating frequency < 1 THz). Sensale Rodriguez et al. [23] designed all-electronics graphene terahertz modulator with modulation speed of 4 KHz and modulation depth of 64% (at operating frequency of 0.62 THz). Unlu et al. [24] fabricated a terahertz modulator based on MEMS with mod-ulation speed of 20 KHz and modulation depth of 70% (operating frequency > 1.5 THz). Liu et al. [25] measured an all-electronics matamaterial and graphene terahertz modulator with modulation speed of 40 MHz and modulation depth of 60% (at operating frequency of 4.7 THz). Singh et al. [10] demonstrated terahertz modulator using integrated chip and 2DEG with modulation speed of 14 GHz and modulation depth of 96% (operating frequency < 1 THz). We note that these modulation schemes have drawbacks such as high voltage, low modulation efficiency, low modulation speed, and complex structure, which are difficult to meet the requirements of available implementation terahertz wave communication. It is still a challenge to achieve high modulation speed.
On the other hand, owing to its large organic nonlinear optical (NLO) susceptibility, 4-N,Ndimethylamino-4 -N -methyl-stilbazolium tosylate (DAST) has attracted considerable attention. It is widely applied in frequency conversion and signal processing in the optical regime [26] . More recently, new applications of DAST in terahertz generation and detection have also drawn great attention [27] . However, up until now, practical applications of DAST in terahertz components and devices have never been reported. In this paper, we demonstrate a novel terahertz wave modulator using DAST/Si hybrid structure. The signal modulation mechanism of the modulator is based on the absorption of photo-induced carriers under the illumination of modulated 808 nm pumping laser. The modulation speed of the DAST/Si hybrid structure sample reached up to 1.26 MHz under an external pumping laser irradiance of 3.5 W/cm 2 . Experimental results show that the presented terahertz wave modulator has simplicity, small size, and easy fabrication, which make our device promising for terahertz imaging and communication systems application.
Sample Preparation and Characterization
Because the chemical structure of DAST is easily damaged by high temperature or ion bombardment and it is difficult to mix uniformly with multi-walled carbon nanotubes (MWCNTs), a high quality DAST-based thin films is not easy. In order to overcome these challenges, we dissolved DAST products in methanol to obtain diluted DAST solutions for film deposition. Si(100) wafers that had been pre-treated were utilized as the deposition substrates. DAST deposition was conducted by spin coating, while that of MWCNTs was done by spray coating under optimal conditions. CNTs platforms for connecting and stabilizing the DAST molecules. All film depositions were carried out in an atmospheric environment. The thicknesses of the DAST-film prepared by our approach is about 100∼200 nm. Fig. 1 (a) depicts the prepared DAST/Si sample. The scanning electron microscopy (SEM) image of the DAST surface with the scale of 5μm is shown in Fig. 1(b) . Raman spectroscopy is applied in characterizing the electronic structures of carbon products. The Raman spectral features for our fabricated DAST film is displayed in Fig. 1(c) . Form the Fig. 1(c) , one can see that numerous characteristic Raman peaks of DAST are assigned as: ring C-H in-plane vibrational modes at 1212 cm −1 , 1181 cm −1 , and 1167 cm −1 ; CH 3 symmetric deformation mode at 1346 cm −1 ; C = C in ring vibrational modes at 1620 cm −1 , 1552 cm −1 , 1437 cm −1 , and 1322 cm −1 ; CH 3 asymmetric deformation mode at 1480 cm −1 ; C = C and C-C vibrational mode at 1587 cm −1 . The X-ray diffraction (XRD) spectrum of the DAST film are presented in Fig. 1(d) . From XRD spectrum, two characteristic peaks centered at 6.6°and 12.7°are assigned to the (−212) and (−111) planes of a DAST crystal structure, which is consistent with the reported literature [28] . Fig. 2 shows the schematic experimental configuration used for optically controllable terahertz modulation of DAST/Si hybrid structure. The DAST is deposited onto a 500 μm-thick, high-resistivity (>1000 cm) silicon. In our setup, backward-wave oscillator (BWO) is a CW terahertz-wave emission source, and a zero-bias Schottky diode intensity detector is employed to measure the emitted terahertz power. An 808 nm modulated pumping laser is mounted with a beam incident angle of 20°t o the normal of the DAST/Si hybrid structure. In our experiment, the terahertz wave is overlapped by the 808 nm modulation laser beam and both beams are incident from the DAST side. The spectral transmission of the DAST/Si hybrid structure is measured by a BWO without and with the external pumping laser irradiance at the frequency range from 0.23 THz to 0.35 THz. The amplitude spectrum of the DAST/Si sample under various laser intensity irradiances are depicted on Fig. 3 . With the increase of pumping laser power from 0 W/cm 2 to 3.5 W/cm 2 , the transmission amplitude of terahertz waves are reduced continuously. To investigate the modulation mechanism in detail, we deduced the optical constants of the DAST/Si hybrid structure via BWO under various laser irradiances. The refractive index and the absorption coefficient (see Fig. 4 ) from the time-frequency spectral can be extracted according to the following equations:
Experimental Results and Analysis
where T is the transmission coefficient of the sample, ϕ is the phase shift of the transmitted wave, R is the reflection coefficient, ψis the reflected wave phase shift, d is the sample thickness, n and k are the refractive and absorption coefficients, respectively. As shown in Fig. 4 , one sees that the real part of the refractive index of the DAST/Si hybrid structure increases a little as the laser irradiance increases, but the absorption coefficient of the DAST/Si hybrid structure sharply increases from 0.06 to 0.15 μm −1 at the frequency range from 0.23 THz to 0.35 THz, causing the corresponding terahertz absorption. The DAST can form a hetero-structure with semiconductor Si due to their difference in band-gap and Fermi level. When the DAST/Si hybrid structure is under pump laser illumination, the photo-excited electrons and holes near the junction area are separated each other and drifted into different regions under the function of built-in electric field. Since the photo-carrier mobility of DAST is less than that of silicon, causing an accumulation of photo-carriers at the DAST/Si interface, subsequently, an increase in the terahertz wave photo-induced absorption. This can be explained by the fact that the photo-doping on DAST/Si hybrid structure by external pump laser in our experiment changed the dielectric property.
In our experiment, the DAST/Si hybrid structure is placed in front of an open-ended BWO waveguide, and the transmitted signals are measured with a Schottky diode intensity detector. For quantitative analysis, we define the modulation depth as η = (P wo − P w )/P wo , where P wo and P w represent the peak values of the terahertz transmission amplitudes without and with a pumping laser beam irradiation, respectively. Fig. 5 shows the DAST/Si sample presented good modulation effects at frequency regions from 0.23 THz to 0.35 THz. When the pump laser power increases, the modulation depth increases linearly, finally reaching up to 53% in DAST-Si sample at 0.25 THz under 3.5 W/cm 2 , as shown in Fig. 5(b) . We demonstrate that a DAST-Si sample can efficiently modulate the magnitude intensity of the terahertz wave for certain pumping laser power. A dynamic experiment is performed to test the real time modulation speed for our device by applying a square wave voltage to modulate the terahertz carrier wave at 0.25 THz. A zero-bias Schottky diode intensity terahertz receiver is used to detect the modulated amplitude signal. Fig. 6(a) and (b) show the test modulation speed of our present terahertz modulator for 1.26 MHz modulation frequency at room temperature of 25°C and corresponding spectrogram, respectively. In the Fig. 6(a) , the blue dotted line is the trigger for the laser and the red line is the measured response from the Schottky-Diode. From the Fig. 6(b) , one sees that the intensity of the 1.26 MHz modulation signal in the spectrogram is much higher than that of other frequency signals, so the terahertz signal can be modulated effectively by using the 1.26 MHz signal. In addition, a small area of the proposed hybrid structure in comparison to existing terahertz modulators enables a faster modulation speed, which can be further improved through optimized design of the modulator structure. Furthermore, as the DAST absorption spectrum is broadband in nature and only silicon material is involved, our proposed modulator scheme may have practical applications in the terahertz wave integrated circuit fields.
Conclusion
We experimentally demonstrate a high-speed optical controlled THz modulator consisting of DAST/Si hybrid structure. It is one of an important terahertz communication window at the fre-quency from 0.25 to 0.35 THz. Therefore, it is meaningful to study the signal modulation in this band. In this paper, we adopt the frequency of 0.25 THz with the maximum modulation depth to test the maximum modulation data rate. By an external 808 nm laser pump irradiance of 3.5 W/cm 2 , dynamic experiments at 0.25 THz evidence that DAST/Si hybrid structure provides a modulation speed of 1.26 MHz and a modulation depth up to 53%. This work provides an effective method to manipulate the terahertz wave with high modulation speed and efficiency. This developed device shows a great potential candidate for terahertz high-speed wireless communication and imaging diverse applications.
